The wear of dental amalgam was studied by single-and double-pass sliding and by a silicon carbide abrasion test. A dispersed amalgam showed significantly better resistance to two-body abrasion than the spherical amalgams tested. The wear of amalgam was determined by resistance to penetration and by a ductile mode of surface failure over the load range studied. Differences in the wear of amalgam and restorative resins and composites are discussed.
INTRODUCTION
Single-and double-pass sliding tests along with a two-body abrasion test have been used to characterize the wear behavior of some dental restorative resins and composites. The wear of a commercial unfilled acrylic resin, a commercial composite, and an experimental formulation of an unfilled diacrylate resin under conditions of single-and double-pass sliding was determined by resistance to penetration and the mode of surface A two-body abrasion test of commercial and experimental restorative resins has shown that addition of a silane coupling agent dramatically improved the wear resistance of the c~mposite.~ The purpose of this investigation was to characterize the surface failure of dental amalgam under conditions of single-and double-pass sliding and by a two-body abrasion test.
METHODS AND MATERIALS
A dispersed amalgam (A), a lathe-cut amalgam (B), and two spherical amalgams [(C) and (D)] were evaluated for mode and extent of surface damage. Product names, batch numbers, manufacturers, and mercury-alloy ratios are listed in Table I . The apparatus used to scratch the surface of a specimen and measure the tangential force has been described elsewhere5t6 but consisted of a surface grinder, loading jig, diamond slider, friction transducer, and sample holder. A diamond hemisphere (360 pm in diameter) was slid across the surface of the specimens. The sample holder was mounted on the table of a surface grinder moving at a speed of 0.025 cm/sec.
On one set of samples, the surface failure resulting from single-pass sliding was studied. Tangential force and track width data were collected for each normal load. Double-pass sliding was studied on a second set of samples, in which two, one-transversal scars were superimposed on one another in the same sliding direction. The second scar was made for half the length of the first to identify differences between single-and double-pass sliding. For double-pass sliding, only the surface failure classification was studied. In both the single-and double-pass sliding tests, nine parallel scratches that resulted from sliding normal loads of 100-500 g in increments of 100 g and 800, 1000, 1200, and 1500 g were made on each material.
The track widths were measured on a metallograph with the use of a calibrated eyepiece. A scanning electron microscope and microprobe were used to further study the wear scars. Statistical analysis of the tangential force data was performed with the use of a computer program for polynomial regression.' Five replications were made for each material and condition.
Two-body abrasion data were obtained on materials A, B, C and a composite resin (E) in previous tests3s8 and on material D in this study. Cylindrical specimens (4 mm in diameter and 8 mm in length) of each material were made in split stainless steel dies after mixing according to the manufacturers' instructions. All specimens were stored a t 37°C for 24 hr prior to testing.
Each specimen was held stationary in a jig under a normal load of 220 g (a stress of 0.17 MPa). Abrasion was caused by a 600 grit silicon carbide paper that was attached to the table of a surface grinder.
Each specimen was abraded for a distance of 1.02 m with each pass of 25.4 cm made on a fresh abrasive surface. The rubbing surfaces were continually flushed with distilled water t o remove wear debris.
Six replications were obtained for each material. Wear was determined by measurement of the change in length of the specimen. The data are reported as volume loss per unit of travel (mm3/mm). Mean values were compared by Scheffe intervals computed from an analysis of variance.?
The table moved a t a speed of 0.25 cm/sec.
RESULTS
Average values of tangential force and track width versus normal load are plotted in Figures 1 and 2 for each material (curves A-D, respectively). Curve E is single-pass data for a composite resin (E).l Polynomial regression curves through zero were fitted to the tangential force versus normal load data. The curves of the amalgams were significantly different from each other and from that of : : I the composite resin (curve E). The tangential force versus normal load curve increased most slowly for A, followed by D, B, C, and E. A linear regression curve was fitted to the log of track width versus log of normal load data for each material. The slope and antilog of the intercept at a load of 1 g for each material (A-E) are listed in Table I1 and The surface failure of all amalgams in the single-pass wear tracks was ductile at normal loads between 100 and 300 g. Above 300 g the surface failure of materials A through D in the single-pass region was ductile with some wear debris a t the edges. This debris was in the form of aggregates of particles with some large flakes. Photomicrographs of single-pass wear tracks for materials A through D are shown in Figure 3 for a normal load of 800 g. Direction of sliding and a magnification scale are indicated on the figure. Above 1000 g some small cracks occurred a t the outside edge of the wear scar.
The transition from a single-t o a double-pass wear scar resulted in no dramatic change in the type of surface failure for materials A through D. For all the amalgams, the surface failure in the doublepass region was ductile with some wear debris a t the edge up to a normal load of 800 g. Small cracks, however, occurred a t the outside edge of the wear track a t normal loads above 800 g. Mean values and standard deviations of two-body abrasion data are listed in Table 111 . The means were significantly different and comparisons of means were made with a Scheffe interval of 1.15 X mm3/mm of travel at the 95% level of confidence. There were no significant differences between materials A and B nor among B, C, and D nor among C, D, and E.
DISCUSSION
The tangential force is a measure of the force required to deform a material under conditions of single-pass sliding and depends on the penetration of the slider into the material and the mode of deformation. Under the normal loads studied, the amalgam (Dispersalloy) with the lowest values of track width had the lowest values of tangential force. As a group, the amalgams had lower values of track width and tangential force than the composite restorative resin. Both the amalgams and the composite resin deformed nonelastically ( Table 11) .
The mode of surface failure of the amalgams under single-pass sliding remained ductile over the load range studied with no evidence of subsurface failure. In contrast, composites and restorative unfilled resins exhibit a brittle mode of surface failure. The lack of a major change in the mode of surface failure of the amalgams under double-pass sliding further indicates the low amount of subsurface failure occurring in the amalgams in contrast t o the restorative resins and composites, which show extensive failure by a brittle mode on a subsequent pass (Fig. 4) .
Photomicrographs of a microprobe analysis of the wear tracks of materials A and D after single-pass sliding at a normal load of 1500 g are shown in Figure 5 . Evidence of smearing of phases in the wear tracks was observed for both amalgams, but the amalgam of lathe-cut and spherical particles (A) appeared more resistant to this smearing mode of wear than the conventional spherical amalgam (D). In particular, the Ag-Cu phase of A appeared most resistant to the smearing mode of failure. Cracking that did occur at the edges of the wear tracks at normal loads above 1000 g appeared to propagate around the stronger phases" as shown in Figure 6 for material D. The wear rate of the dispersed amalgam (A) was lower than that of the spherical amalgams (C and D) and the glass-filled composite resin (E) as measured by two-body abrasion after 24 hr. The wear rate of A after 1 month was reduced by 13% to 4.89 X mm3/mm of travel by the loss of the Sn-Hg phase ( Y~) .~ The 1-year clinical data of Leinfelder et a1.l2 partly support the interpretation that the spherical amalgam (C) has a rate of wear comparable to composites with glass reinforcing agents (E) while the dispersed amalgam (A) has a rate of wear comparable to composites with quartz as a filler. The silicon carbide abrasion test is able to discriminate between the wear resistance within a variety of composite and unfilled restorative resins3 or within amalgams as shown in this study; however, care should be taken in making comparisons between classes of materials such as composites and amalgam until further documentation is obtained of results between these groups.
CONCLUSIONS
Single-and double-pass wear tests were used to study the surface failure of dental amalgam. The resistance to penetration of the dispersed amalgam under conditions of single-pass sliding was the highest of the materials studied. The wear rate of the dispersed amalgam was lower than that of the spherical amalgams and a composite resin as measured by two-body abrasion. The wear of dental amalgam is determined by resistance to penetration and a ductile mode of surface deformation.
